The flotation behaviors of diatomite and albite using dodecylamine (DDA) as a collector were investigated and compared. The pure mineral flotation results indicate that the flotability difference between albite and diatomite is above 87% at pH 5.5 to 10.5. The recovery of albite improves with increasing DDA dosage at pH 5.5 to 10.5. In the same pH range, diatomite has weaker flotability than albite, particularly in alkaline pH pulp. Zeta potential measurements indicate that diatomite has a higher negative surface charge than albite at pH 7 to 12, DDA interacts strongly with albite and weakly with diatomite. Thus, DDA preferentially absorbs on albite surface rather than diatomite under alkaline conditions. Fourier transform infrared spectra (FTIR) indicate that the amount of DDA adsorbed to albite is greater than that adsorbed to diatomite, under the same conditions. The adsorption of DDA on the surface of diatomite is investigated by using atomic force microscopy (AFM) for the first time. The adsorption of the collector DDA on the surface of albite per unit area is greater than that on diatomite. This accounts for the lower recovery of diatomite than that of albite.
Introduction
Diatomite is a sedimentary rock primarily composed of the skeletons of microscopic single-celled aquatic plants called diatoms. Diatomite has a chemical formula of SiO 2 ·nH 2 O (i.e., amorphous silica) [1, 2] . The genesis of diatomite provides it with useful characteristics such as high porosity, large pore volume, high adsorption capacity, and low weight [3] . These characteristics make it useful in filtration materials, catalyst carriers, insulation materials, functional fillers, and cement mixtures [4] [5] [6] . Local resources and economic development differ between countries, so their consumption and application of diatomite also differ. However, the diatomite is now widely applied as a carrier, adsorbent, and filter aid with high added value.
China ranks second in the world in diatomite reserves with nearly 2 billion tons of total reserves [7] . However, most of these reserves are low-grade [8] . Compared with high-grade diatomite, low-grade diatomite must first be purified through physical or chemical methods. The diatom content can be increased by removing gangue minerals (i.e., albite, quartz, clay, etc.) [9] . Current purification methods [10] [11] [12] [13] [14] [15] [16] [17] [18] include scrubbing, roasting, acid leaching, gravity dressing, classification, ultrasonic treatment, classification and various combined processes [19] [20] [21] . These methods are limited by their high water and acid consumption, long production cycles, and environmental pollution. Flotation is an effective method for fine mineral separation, but limited information is available about diatomite purification by flotation. Shi et al. [22] demonstrated the feasibility of using scrubbing-flotation to purify diatomite. However, the effects of the reagents and conditions on the purification of diatomite have not been reported in detail, and the flotation mechanism of diatomite remains unknown.
The current study investigates the flotation [23, 24] behavior of pure diatomite and albite that are often present in low-grade diatomite. The differences in flotability between diatomite and albite are analyzed. The mechanisms of the interactions of these mineral surfaces with dodecylamine (DDA) are analyzed using FTIR, zeta potential measurements, and AFM. These findings lay a foundation for further studies of the flotation of low-grade diatomite.
Materials and Methods

Samples and Reagents
Diatomite used in this study was obtained from Linjiang, Jilin Province, China. Pure albite was obtained from Hengyang, Hunan Province, China. The chemical analyses of these two samples were as follows: diatomite: 97.01% SiO 2 The minus 0.023 mm fractions of diatomite and albite were used for flotation tests. DDA was used as the collector. NaOH and H 2 SO 4 were used as pH regulators. All reagents used were of analytical grade. Distilled water was used in all experiments.
Micro-Flotation Tests
Single mineral flotation tests were conducted in a hitch groove flotation cell. A prepared 4 g pure mineral sample was transferred into a plastic cell, to which 30 mL of distilled water was added. The pulp was stirred (1000 r/min) for 3 min before adding NaOH or H 2 SO 4 solution to adjust the pH to the desired value of 1.8, 2.15, 2.5, 3.5, 4, 4.5, 5.5, 6.5, 7.5, 8.5, 9.5, 10.5, or 11.5. The reagents were added to the pulp every 3 min, in the order of DDA then frother 2 # oil. The suspension was stirred for 3 min after adding the desired amounts of reagents, and flotation was then conducted for 3 min. Finally, the froth products and tailings were each weighed after drying at 100 • C for 10 h. The flotation recovery was calculated by:
in which A is the weight of foam product, and B is the weight of the product in the flotation cell.
Measurements
Zeta potentials were measured using a Zeta potential analyzer (Malvern Zetasizer Nano ZS90, Partech, St Austell, UK). An agate mortar was used to grind ore samples to obtain 2-µm particle size fractions. 10 mg of mineral sample was added to 100 mL of ultra-pure water, and the resulting slurry was stirred by a magnetic stirrer for 3 min. The pH of the solution was automatically adjusted using HCl or NaOH in the pH range of 1.8-11.5. The collector, 2.38 × 10 −4 mol/L DDA, was then added, and the pulp was stirred for a further 3 min. The uncertainty in the zeta potential as obtained from a minimum of 3 measurements was ±2 mV.
A Nicolet 380-FTIR spectrometer (Nicolet, Waltham, MA, USA) was used to record FTIR spectra of minerals before and after their surface interaction with DDA. Spectra were collected in the range from 400 cm −1 to 4000 cm −1 . Mineral (2 g) was added to 15 mL of deionized water, and the resulting slurry was stirred for 3 min. The pH was then adjusted to 5.5, and the collector, 2.38 × 10 −4 mol/L DDA, was added to the slurry. Finally, the sample was vacuum filtered and dried at room temperature, before being subjected to FTIR characterization.
The morphologies of DDA adsorbed on the surfaces of diatomite and albite were scanned by AFM (Bruker Multimode 8, Bruck, Karlsruhe, Germany) [25, 26] . The above-prepared samples used for FTIR characterization were fixed onto glass slides. AFM images were collected in ScanAsyst mode, using an Au reflex coated probe at a 1 Hz scan rate and 512 lines per sample.
Assay of Diatom Content
The flotation concentrate of the artificially mixed ore was roasted for 30 min at 700 • C. According to SiO 2 + 2NaOH → Na 2 O·SiO 2 + H 2 O, a certain quantity of diatomite was placed in NaOH solution, and the mixture was stirred for 2 h at 98 • C, and then allowed to cool to ambient temperature. The content of SiO 2 in the slag was analyzed after drying at 100 • C for 30 min. The percentage of diatomite was calculated according to:
in which m 1 is the mass of SiO 2 in the calcined diatomite without NaOH treatment, m 2 is the mass of SiO 2 in the filtrate residue that was dissolved in NaOH, and M is the mass of the sample before alkali dissolution.
Results and Discussion
Flotation
The flotation results of diatomite and albite as a function of pH using DDA as a collector are shown in Figure 1 . The flotation recovery of diatomite increases as the pH is increased from 1.8 to 4, then decreases sharply as the pH is further increased from 4 to 5.5, and then plateaus as the pH is further increased from 5.5 to 11.5. The maximum recovery of diatomite is 42%. The flotation recovery of albite at pH 1.8 is low. After a pH regulator is added, the recovery of albite markedly increases as the pH is increased to 2.5. Minimal further increase in albite recovery occurs as the pH is increased from 3.5 to 10.5. The albite recovery decreases dramatically when the pH is increased above 10.5. Figure 1 shows that the most efficient separation of albite from diatomite is achieved in the pH range from 5.5 to 10.5. 
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The flotation results of diatomite and albite as a function of pH using DDA as a collector are shown in Figure 1 . The flotation recovery of diatomite increases as the pH is increased from 1.8 to 4, then decreases sharply as the pH is further increased from 4 to 5.5, and then plateaus as the pH is further increased from 5.5 to 11.5. The maximum recovery of diatomite is 42%. The flotation recovery of albite at pH 1.8 is low. After a pH regulator is added, the recovery of albite markedly increases as the pH is increased to 2.5. Minimal further increase in albite recovery occurs as the pH is increased from 3.5 to 10.5. The albite recovery decreases dramatically when the pH is increased above 10.5. Figure 1 shows that the most efficient separation of albite from diatomite is achieved in the pH range from 5.5 to 10.5. The effect of DDA concentration on the flotability of diatomite and albite at pH 5.5, 7.5, and 10.5 is shown in Figure 2 . The recovery of albite significantly increases after adding DDA. This recovery increase continues until the DDA concentration reaches 2.38 × 10 −4 mol/L, after which the recovery of albite changes little. When the DDA concentration is above 1.51 × 10 −4 mol/L, the recovery of diatomite slowly increases with increasing DDA concentration at pH 5.5 and 7.5. The recovery of diatomite at pH 7.5 is lower than that at pH 5.5. DDA addition has minimal influence on the diatomite flotation at pH 10.5. At a DDA concentration of 2.38 × 10 −4 mol/L, the difference in recovery between diatomite and albite ranges from 87% to 94%. The effect of DDA concentration on the flotability of diatomite and albite at pH 5.5, 7.5, and 10.5 is shown in Figure 2 . The recovery of albite significantly increases after adding DDA. This recovery increase continues until the DDA concentration reaches 2.38 × 10 −4 mol/L, after which the recovery of albite changes little. When the DDA concentration is above 1.51 × 10 −4 mol/L, the recovery of diatomite slowly increases with increasing DDA concentration at pH 5.5 and 7.5. The recovery of diatomite at pH 7.5 is lower than that at pH 5.5. DDA addition has minimal influence on the diatomite flotation at pH 10.5. At a DDA concentration of 2.38 × 10 −4 mol/L, the difference in recovery between diatomite and albite ranges from 87% to 94%. The pure mineral flotation results indicate that DDA has strong collection properties towards albite and weak collection properties towards diatomite. To reduce the albite content in low-grade diatomite, reverse flotation separation experiments of artificially mixed ore (diatomite/albite = 4/1) were conducted using 9.52 × 10 −4 mol/L DDA as a collector at pH 5.5. The mixed ore, flotation concentrates, and tailings were characterized by XRD as shown in Figure 3 . The XRD patterns of the artificially mixed minerals in Figure 3 show that the samples are composed of amorphous and crystalline materials. The amorphous material is diatom and the crystalline material is albite. There is a diffuse peak in the XRD pattern of the flotation concentrate, indicating that is mainly composed of amorphous material. The weaker XRD peak of albite indicates a small amount of albite in the flotation concentrate. The XRD pattern of the flotation tailings shows a strong characteristic peak of albite, indicating that it is the main component of the tailings. A broad peak at 2θ of 20-27° indicates a small amount of diatomite in the tailings. The results of the flotation experiments of the artificially mixed samples show that DDA is an effective collector for separating albite from diatomite.
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Mechanism Analyses
Zeta potential tests of diatomite and albite were measured at different pH values, as shown in Figure 4 . The isoelectric point (IEP) of diatomite and albite occur at pH 2.0 and 1.8, respectively. The surface of diatomite and albite are negatively charged when the pH is above the IEP. At pH 4.5 to 10.5, the zeta potential of diatomite becomes progressively more negative with increasing pH, whereas minimal change occurs in the zeta potential of albite. 
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(a) (b) AFM images of albite treated with 2.38 × 10 −4 mol/L DDA at pH 5.5 are shown in Figure 8 . A large amount of DDA is adsorbed on the surface of albite, mostly by agglomeration. This is due to the dissolution of sodium ions from albite into solution, generating a large number of positive holes on the surface, to which DDA adsorbs well [31] . Figure 8c indicates that the thickness of the adsorbed DDA layer on the albite surface is 2-4 nm. The length of the DDA molecule is about 1.78 nm. It can thus be inferred that DDA exists as both a bilayer and monolayer on the albite surface. Figure 8 . A large amount of DDA is adsorbed on the surface of albite, mostly by agglomeration. This is due to the dissolution of sodium ions from albite into solution, generating a large number of positive holes on the surface, to which DDA adsorbs well [31] . Figure 8c indicates that the thickness of the adsorbed DDA layer on the albite surface is 2-4 nm. The length of the DDA molecule is about 1.78 nm. It can thus be inferred that DDA exists as both a bilayer and monolayer on the albite surface. 2D and 3D AFM images of diatomite are shown in Figure 9a ,b, respectively. There are many pores on the surface of diatom. The edges of the diatom pores are smooth, and no impurities are observed on the surface. Figure 8 . A large amount of DDA is adsorbed on the surface of albite, mostly by agglomeration. This is due to the dissolution of sodium ions from albite into solution, generating a large number of positive holes on the surface, to which DDA adsorbs well [31] . Figure 8c indicates that the thickness of the adsorbed DDA layer on the albite surface is 2-4 nm. The length of the DDA molecule is about 1.78 nm. It can thus be inferred that DDA exists as both a bilayer and monolayer on the albite surface. AFM was also used to characterize diatomite treated with 2.38 × 10 −4 mol/L DDA at pH 5.5. Figure 10a ,b shows that DDA is adsorbed on the edges of diatomite pores, and is not observed on the other surfaces of diatomite. Diatomite is known to contain many hydroxyl groups on the edges of diatom pores, thus providing a large number of active sites [31] . DDA therefore adsorbs well to the pore edges. Figure 10c shows that the adsorbed DDA layer on the pore edges is non-uniform, and far thicker than the length of the DDA molecule. Therefore, the adsorption of DDA on the edges of the diatomite pores is considered to be multi-layer adsorption. AFM was also used to characterize diatomite treated with 2.38 × 10 −4 mol/L DDA at pH 5.5. Figure 10a ,b shows that DDA is adsorbed on the edges of diatomite pores, and is not observed on the other surfaces of diatomite. Diatomite is known to contain many hydroxyl groups on the edges of diatom pores, thus providing a large number of active sites [31] . DDA therefore adsorbs well to the pore edges. Figure 10c shows that the adsorbed DDA layer on the pore edges is non-uniform, and far thicker than the length of the DDA molecule. Therefore, the adsorption of DDA on the edges of the diatomite pores is considered to be multi-layer adsorption. The AFM images of albite and diatomite indicate that DDA only adsorbs on the edges of pores on the diatomite surface, while the surface of albite adsorbs a large amount of DDA. This is consistent with predictions. The results show that the adsorption capacity of DDA on per unit area of diatomite is less than that on albite. This results in the flotability of diatomite being inferior to that of albite.
Conclusions
This study investigated the different flotation performances of albite and diatomite using DDA as a collector. The adsorption and morphology of DDA on the albite and diatomite surfaces were also investigated. The results show different flotation recoveries in the pulp at pH 5.5 to 10.5, and that the flotability difference between albite and diatomite is more than 87%. The recovery of albite increases with increasing DDA dosage at pH 5.5 to 10.5. In the same pH range, diatomite exhibits weaker flotability than albite, particularly in alkaline pulp. Zeta potential measurements and FTIR spectra indicate that the adsorption of DDA on diatomite is weaker than that on albite. AFM images show that DDA adsorbs on the whole surface of albite, but only of the edges of diatomite pores. This results in diatomite and albite exhibiting differing flotabilities. The AFM images of albite and diatomite indicate that DDA only adsorbs on the edges of pores on the diatomite surface, while the surface of albite adsorbs a large amount of DDA. This is consistent with predictions. The results show that the adsorption capacity of DDA on per unit area of diatomite is less than that on albite. This results in the flotability of diatomite being inferior to that of albite.
This study investigated the different flotation performances of albite and diatomite using DDA as a collector. The adsorption and morphology of DDA on the albite and diatomite surfaces were also investigated. The results show different flotation recoveries in the pulp at pH 5.5 to 10.5, and that the flotability difference between albite and diatomite is more than 87%. The recovery of albite increases with increasing DDA dosage at pH 5.5 to 10.5. In the same pH range, diatomite exhibits weaker flotability than albite, particularly in alkaline pulp. Zeta potential measurements and FTIR spectra indicate that the adsorption of DDA on diatomite is weaker than that on albite. AFM images show that DDA adsorbs on the whole surface of albite, but only of the edges of diatomite pores. This results in diatomite and albite exhibiting differing flotabilities. 
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